The currently available antismoking medications have limited efficacy and often fail to prevent relapse. Thus, there is a pressing need for newer, more effective treatment strategies. Recently, we demonstrated that enhancing endogenous levels of kynurenic acid (KYNA, a neuroinhibitory product of tryptophan metabolism) counteracts the rewarding effects of cannabinoids by acting as a negative allosteric modulator of α7 nicotinic receptors (α7nAChRs). As the effects of KYNA on cannabinoid reward involve nicotinic receptors, in the present study we used rat and squirrel monkey models of reward and relapse to examine the possibility that enhancing KYNA can counteract the effects of nicotine. To assess specificity, we also examined models of cocaine reward and relapse in monkeys. KYNA levels were enhanced by administering the kynurenine 3-monooxygenase (KMO) inhibitor, Ro 61-8048. Treatment with Ro 61-8048 decreased nicotine self-administration in rats and monkeys, but did not affect cocaine self-administration. In rats, Ro 61-8048 reduced the ability of nicotine to induce dopamine release in the nucleus accumbens shell, a brain area believed to underlie nicotine reward. Perhaps most importantly, Ro 61-8048 prevented relapse-like behavior when abstinent rats or monkeys were reexposed to nicotine and/or cues that had previously been associated with nicotine. Ro 61-8048 was also effective in monkey models of cocaine relapse. All of these effects of Ro 61-8048 in monkeys, but not in rats, were reversed by pretreatment with a positive allosteric modulator of α7nAChRs. These findings suggest that KMO inhibition may be a promising new approach for the treatment of nicotine addiction.
INTRODUCTION
Tobacco smoking is the largest preventable cause of morbidity and mortality, but most attempts to quit smoking are unsuccessful because of the addictive, rewarding effects of nicotine (Benowitz, 2009; Harvey et al, 2004) . Existing treatments such as bupropion, varenicline, and nicotine replacement therapy are effective in some but not all smokers (Benowitz, 2009) . New medications with different modes of action might be more effective or enhance the effectiveness of existing medications.
Like other addictive drugs, nicotine's ability to increase dopamine release in the mesolimbic area is believed to be critical for its rewarding effects (Corrigall et al, 1994) . Nicotine produces these effects by binding to nicotinic acetylcholine receptors (nAChRs), essentially mimicking the agonist effects of endogenous acetylcholine. The rewarding effects of nicotine have largely been attributed to the β2 subunit of nAChRs (Jackson et al, 2008; Orejarena et al, 2012; Picciotto et al, 1998; Tapper et al, 2004) , but there is also evidence for involvement of the α7 subunit (Brunzell and McIntosh, 2012; Levin et al, 2009; Liu, 2014; Markou and Paterson, 2001) . As these studies show that either activation or blockade of α7nAChRs can disrupt nicotine self-administration, the role of these receptors appears to be complex. For example, α4β 2 nAChRs are high-affinity sites for nicotine compared with α7nAChRs, but α4β 2 nAChRs are quickly desensitized, whereas α7nAChRs remain functional at much higher nicotine concentrations and 'may be important and play presently unappreciated roles in nicotine addiction and synaptic plasticity linked to associative learning' (Wooltorton et al, 2003) .
Nicotinic receptors are also affected by another endogenous substance, kynurenic acid (KYNA) that acts as a negative allosteric modulator of α7nAChRs, decreasing the effects of acetylcholine at the receptor (Hilmas et al, 2001) . KYNA is a metabolite of dietary tryptophan and is produced and released by astrocytes (Kiss et al, 2003) . It occurs in mammalian brain at steady-state concentrations in the nanomolar to micromolar range (Moroni et al, 1988; Turski et al, 1988) . In addition to α7nAChRs, KYNA interacts with other molecular targets, including the glycine co-agonist site of the NMDA receptor (Kessler et al, 1989) , and, at higher concentrations, ionotropic glutamate receptors (Perkins and Stone, 1982) . KYNA modulates neurotransmitter signaling in the brain (Amori et al, 2009; Beggiato et al, 2013; Carpenedo et al, 2001; Rassoulpour et al, 2005b; Wu et al, 2010; Zmarowski et al, 2009 ) and has antiexcitotoxic and anticonvulsant effects (Foster et al, 1984; Moroni et al, 2012; Stone and Darlington, 2013) . In humans, abnormal KYNA levels have been observed in individuals with schizophrenia (Erhardt et al, 2001; Schwarcz et al, 2001) or neurodegenerative disorders such as Huntington's and Alzheimer's disease (Baran et al, 1999; Beal et al, 1990) . Notably, exposure to nicotine leads to dose-and timedependent changes in cerebral KYNA synthesis (Rassoulpour et al, 2005a; Zielinska et al, 2009) .
Through negative modulation of α7nAChRs, treatments that enhance endogenous levels of KYNA could potentially counteract the addictive effects of nicotine and other drugs that enhance mesolimbic dopamine. This idea is supported by neurochemical and electrophysiological studies in rats showing that treatments that increase KYNA levels in the brain: (1) block nicotine-induced activity of dopamine neurons in the substantia nigra (Erhardt et al, 2000) ; (2) block nicotine-induced increases in cortical glutamate (Konradsson-Geuken et al, 2009); and (3) decrease the amplitude of nicotine-evoked glutamatergic transients (Koshy Cherian et al, 2014) . We recently showed that enhancing endogenous KYNA counteracts reward-related behavioral and neurochemical effects of THC (the main active constituent of marijuana) in rodents and non-human primates, and that these effects are due to the actions of KYNA as a negative allosteric modulator of α7nAChRs (Justinova et al, 2013) . However, the effects of such treatments have not been evaluated previously in animal models of nicotine reward and relapse or mesolimbic dopamine release.
In the present study, KYNA levels were enhanced by inhibiting kynurenine 3-monooxygenase (KMO) that shunts the kynurenine metabolism pathway toward increased production of KYNA. As in our cannabinoid study (Justinova et al, 2013) , this was accomplished with the potent, selective KMO inhibitor, Ro 61-8048 (Röver et al, 1997) . We examined the effects of Ro 61-8048 on: (1) nicotine self-administration in squirrel monkeys and rats to model reward (Goldberg et al, 1981; Rose and Corrigall, 1997) ; (2) priming-induced and cue-induced reinstatement of nicotine seeking in monkeys and rats to model relapse; and (3) nicotine-induced elevation of dopamine levels in the nucleus accumbens shell (NAcS) of rats (Mascia et al, 2011) . In monkeys, we also studied the effects of Ro 61-8048 on cocaine self-administration and reinstatement. In all experiments, the involvement of α7nAChRs in the effects of Ro 61-8048 was assessed by determining whether the effects were blocked by PNU120596, a selective positive allosteric modulator of α7nAChRs (Hurst et al, 2005) .
MATERIALS AND METHODS

Subjects
Male Sprague-Dawley rats (Charles River Laboratories, Wilmington, MA; 300-350 g) and male squirrel monkeys (Saimiri sciureus; 0.9-1.1 kg) were housed in temperatureand humidity-controlled rooms with unlimited access to water. Self-administration rats were singly housed and fed 20 g chow/day. Microdialysis rats were housed in groups of two with unlimited food. Monkeys were individually housed and (~2 h after the session) fed high protein monkey diet biscuits (Lab Diet 5045, PMI Nutrition International, Richmond, IN) and Banana Softies (Bio-Serv, Frenchtown, NJ) to maintain stable body weights. Fresh fruit, vegetables, and environmental enrichment were also provided daily. The facilities were fully accredited by the Association for Assessment and Accreditation of Laboratory Animal Care (AAALAC). All procedures were conducted in accordance with the Guidelines of the National Research Council.
Drugs
(− )-Nicotine hydrogen tartrate (Sigma-Aldrich, St Louis, MO) was dissolved in saline (pH adjusted to 7.0), with doses expressed as the base. ( − )-Cocaine hydrochloride (NIDA Drug Supply Program, Bethesda, MD) was dissolved in saline, with doses expressed as the salt. The thiazol-2-yl]-benzenesulfonamide; Sai Advantium Pharma, Hyderabad, India) was dissolved in 5-6% Tween-80 in saline and injected 40 min before the session (behavioral experiments) or before nicotine (microdialysis experiments) unless noted otherwise. The injection volume of Ro 61-8048 was 0.5 ml/kg in monkeys and 1 ml/kg in rats. PNU120596 (N-(5-chloro-2,4-dimethoxyphenyl)-N'-(5-methyl-3-isoxazolyl)-urea; Tocris Bioscience, Minneapolis, MN) was dissolved in saline containing 5% ethanol and 5% cremophor EL. PNU120596 was injected 50 min before the session in monkeys or 60 min before the session in rats. The doses and pretreatment times for PNU120596 and Ro 61-8048 were based on those used in our previous study (Justinova et al, 2013) .
Intravenous Self-Administration of Nicotine by Rats
The general procedure has been described previously (Scherma et al, 2008) . Briefly, rats (n = 17) were surgically implanted with a catheter in the right jugular vein 6-7 days before starting self-administration training. During daily 2 h sessions, responding in the active nose-poke hole (on a fixedratio one schedule (FR1)) produced nicotine (30 μg/kg) and pulsed the houselight (5 Hz) for a 20 s timeout. Responses in the other, inactive, hole had no scheduled consequences. After stabilization of daily intake (no more than 15% variation from the preceding session for 3 sessions), the effects of pretreatment with vehicle, 30, and 100 mg/kg of Ro 61-8048 (i.p.) were tested for three consecutive sessions each, and with 56 mg/kg Ro 61-8048 for one session. The dose of 56 mg/kg was always tested first and followed by 30 or 100 mg/kg doses in mixed order. PNU120596 (1 mg/kg, i.p.) was then tested alone and in combination with 100 mg/kg Ro 61-8048 for three consecutive sessions each. The animals returned to baseline between each treatment until the conditions for further testing were met. Because of loss of catheters during the study, not all treatments were tested in all rats.
Combined Drug-and Cue-Induced Reinstatement of Nicotine Seeking in Rats
The general procedure has been described previously (Mascia et al, 2011) . Experimentally naive rats were trained to self-administer nicotine as described above and then placed under extinction conditions, in which responding had no scheduled consequences. When responding decreased to o10 responses per session for three consecutive days (n = 10), reinstatement testing was effected by pretreatment with vehicle or Ro 61-8048 (100 mg/kg i.p.) 40 min before a nicotine (0.2 mg/kg s.c., 10 min before the session) or vehicle priming injection. The role of α7nAChRs in the effects of Ro 61-8048 was then studied by pretreating with PNU120596 (1 mg/kg) before nicotine prime combined with Ro 61-8048 or its vehicle. PNU120596 was also given before a vehicle prime. Nicotine priming-induced reinstatement was always tested first, followed by other treatments in pseudorandom order. The animals returned to the extinction baseline between treatments, and all treatments were tested in all animals. During reinstatement sessions, i.v. injections were not delivered, but the visual cues that had previously been associated with nicotine delivery were presented contingent on responding. Thus, the nicotine reinstatement test in rats involved a combination of nicotine priming and reexposure to nicotine-associated cues that produces a highly robust reinstatement effect (Mascia et al, 2011; Shoaib, 2006) .
Intravenous Self-Administration in Squirrel Monkeys
The general procedure and apparatus have been described previously (Justinova et al, 2003) . At the start of each 1 h session, the houselight was extinguished, and a green cue light was presented to signal availability of the drug. After that, every 10 lever responses (FR10) produced a 30 μg/kg injection of nicotine (subjects 441, 577, 572, 431, 4903, and 4912) or cocaine (subjects 70F7, 39B, and 2F19), extinguished the green cue light, and illuminated an amber cue light for 2 s. Each injection was followed by a 60 s timeout, during which the chamber was dark, and lever presses had no programmed effect. In the nicotine-trained monkeys (n = 3), each dose of Ro 61-8048 (10, 20, and 30 mg/kg; i.m., 40 min before the session) was studied for three consecutive sessions and preceded and followed by at least three sessions when vehicle was given i.m. before the session. After establishing the effects of Ro 61-8048 on selfadministration of the training dose of nicotine, we determined whether Ro 61-8048 shifted the nicotine doseresponse function (n = 3). A selected dose of Ro 61-8048 (20 mg/kg) was tested for one session at each of three doses of nicotine (studied in the following order: 30, 100, and 10 μg/kg/injection), with 3-5 sessions of vehicle pretreatment preceding each test. To study the role of α7nAChRs, PNU120596 (1 mg/kg) or vehicle was injected i.m. before Ro 61-8048 (20 mg/kg) before nicotine self-administration sessions. In the cocaine-trained group (n = 3), Ro 61-8048 (30 mg/kg) was tested under self-administration and reinstatement procedures that paralleled the nicotine group.
Priming-Induced Reinstatement of Drug Seeking in Squirrel Monkeys
After completion of the experiments described above and two additional weeks of nicotine (n = 4) or cocaine (n = 3) self-administration, extinction and priming-induced reinstatement tests were conducted. During extinction sessions before priming tests, saline was delivered instead of nicotine or cocaine, but visual cues were presented as they were during normal self-administration sessions. When responding in extinction reached a low, stable level (o100 lever presses per session that equals o10 vehicle injections per session), a reinstatement test was conducted by giving a nicotine or cocaine priming injection (0.1 mg/kg, i.v., immediately before the session) after pretreatment with vehicle or PNU120596 (1 mg/kg, i.m., 50 min before the session) followed by vehicle or Ro 61-8048 (20 mg/kg, i.m., 40 min before the session). Pretreatments were given in the home cage, and priming injections were given in the training chamber. The nicotine priming-induced reinstatement was always tested first, followed by the treatments in pseudorandom order. Each test was performed for a single session, except for the priming-induced reinstatement tests with vehicle pretreatment that were performed 2 times during the testing sequence. Each test was preceded by an extinction session in which vehicle (i.m.) and saline (i.v.) injections were given before the session.
Cue-Induced Reinstatement of Drug Seeking in Squirrel Monkeys
After completion of the priming-induced reinstatement study, monkeys were returned to the baseline nicotine (n = 3) or cocaine (n = 3) self-administration condition for 2 weeks. Then, extinction was conducted in which intravenous injections and the injection-paired visual cue (ie, the amber cue light) were discontinued and under these conditions the rates decreased to o100 lever presses within 2-3 sessions. Cue-induced reinstatement was conducted by giving response-contingent presentation of the previously drug-paired visual and interoceptive cues (ie, amber cue light and i.v. saline) on an FR10 schedule with vehicle pretreatment. Ro 61-8048 (20 mg/kg, i.m., 40 min before the session) and PNU120596 (1 mg/kg, i.m., 50 min before the session) alone as well as their combination were each tested in one cue-induced reinstatement test, preceded by 1-2 extinction sessions during which the vehicles were given before the session. Ro 61-8048 and PNU120596 alone were also given before extinction sessions. The cue-induced reinstatement was always tested first, followed by the treatments in pseudorandom order. Cue-induced reinstatement was tested 3 times in total during the testing sequence.
In Vivo Microdialysis in Freely Moving Rats
The general procedure and apparatus have been described previously (Solinas et al, 2006) . Rats (n = 46) were surgically implanted with a concentric dialysis probe aimed at the NAcS (anterior +2.0 mm, lateral ±1.1 mm from bregma, and vertical − 8.0 mm from dura) (Paxinos and Watson, 2005) . The next day, Ringer's solution (147.0 mM NaCl, 2.2 mM CaCl 2 , 4.0 mM KCl) was delivered at a constant flow rate of 1.0 μl/min, starting 90 min before the first sample. Dialysate samples (20 μl per sample) were collected every 20 min and immediately analyzed by a high-performance liquid chromatography system coupled to electrochemical detection to quantify dopamine. Treatments were given after stable dopamine values (o15% variability) were obtained for at least three consecutive samples. Ro 61-8048 (100 mg/kg, i.p.) was injected 40 min before nicotine (0.4 mg/kg, s.c.) or vehicle. PNU120596 (1 and 3 mg/kg) was injected i.p. 60 min before nicotine or vehicle. Probe placements were verified histologically after each experiment.
Data Analysis
Rodent behavioral data were analyzed using Proc Mixed (SAS Institute, Cary, NC) with Tukey-Kramer comparisons. Variables were drug treatment and response hole (active vs inactive). For maintenance experiments, the mean for the 3 days of each test were compared with the mean from the previous three baseline sessions. For illustration of effects over consecutive sessions, additional analyses were performed comparing each test session with the mean of the three preceding baseline sessions. Dopamine levels from the microdialysis procedure were expressed as a percentage of 
RESULTS
Effect of Ro 61-8048 on Nicotine Self-Administration in Rats
Ro 61-8048 (56 and 100 mg/kg) significantly decreased ongoing nicotine self-administration (Figure 1a ; interaction of response hole (active vs inactive) and treatment: F 3, 21 = 10.06, po0.001). Paired comparisons showed that responding in the active hole was significantly decreased by both doses of the KMO inhibitor, but that responding in the inactive hole was not significantly affected. The effect of Ro 61-8048 (100 mg/kg) was consistent over the 3 days of treatment (Figure 1b and c) . Treatment with PNU120596 (1 mg/kg) failed to block the effects of Ro 61-8048 when tested in a subset of four rats; the interaction of hole and treatment was again significant (Figure 1d ; F 3, 8 = 6.38, po0.05), with both Ro 61-8048 (100 mg/kg) alone and the combination of Ro 61-8048 (100 mg/kg) with PNU120596 consistently decreasing nicotine self-administration (Figure 1d ) over the 3 days of treatment (Figure 1e and f) .
Effect of Ro 61-8048 on Combined Drug Priming and Cue-Induced Reinstatement in Rats
Nicotine seeking was reinstated by noncontingent priming with i.v. nicotine (0.2 mg/kg, 10 min before the session) plus reexposure to response-contingent visual cues that had previously been associated with nicotine (Figure 2 , 'Nic' condition). Ro 61-8048 (100 mg/kg) significantly blocked this reinstatement (interaction of treatment and hole, F 6, 54 = 8.41, po0.001). Neither the α7nAChR-positive allosteric modulator PNU120596 (1 mg/kg) nor Ro 61-8048 (100 mg/kg) reinstated nicotine seeking when given alone, and PNU120596 did not block the reinstating effect of nicotine (Figure 2 , 'PNU+Nic'). However, pretreatment with PNU120596 did not fully prevent Ro 61-8048 from blocking the effect of nicotine (Figure 2 , 'PNU+Ro+Nic'), making it uncertain whether the effects of Ro 61-8048 on nicotineinduced reinstatement were due to negative allosteric modulation of α7nAChRs in rats.
Effect of Ro 61-8048 on Nicotine Self-Administration and Reinstatement of Nicotine Seeking in Squirrel Monkeys
Under baseline conditions (vehicle pretreatment), high numbers of self-administered nicotine injections ( Figure 3a) and high rates of lever responding ( Figure 3b Nicotine priming-induced reinstatement. When saline was substituted for i.v. nicotine in the self-administration procedure (ie, extinction), the monkeys' responding decreased to very low levels (Figure 4a ). Noncontingent priming injections of nicotine (0.1 mg/kg, i.v.) reinstated nicotine seeking (Figure 4a ), but this effect was significantly blocked by pretreatment with Ro 61-8048 (20 mg/kg) (Figure 4a, lever presses: F 6, 18 = 46.90, po0.001). The effect of Ro 61-8048 was reversed by pretreatment with 1 mg/kg PNU120596 (po0.01)-a dose that by itself did not affect nicotine-primed reinstatement. Neither Ro 61-8048 (20 mg/ kg) nor PNU120596 (1 mg/kg) reinstated nicotine seeking when given with a vehicle prime.
Cue-induced reinstatement. During extinction, when responding no longer produced nicotine or its associated visual and interoceptive/injection-related cues, response rates decreased to very low levels (Figure 4b po0.001). This effect of Ro 61-8048 was reversed by pretreatment with PNU120596 (po0.01). PNU120596 (1 mg/ kg) alone did not affect cue-induced reinstatement of nicotine seeking. In addition, neither Ro 61-8048 (20 mg/kg) alone nor PNU120596 (1 mg/kg) alone reinstated extinguished drug seeking when injected before the extinction session. 
Effect of Ro 61-8048 on Cocaine Self-Administration and Reinstatement of Cocaine Seeking in Squirrel Monkeys
In a separate group of monkeys, we found that Ro 61-8048 (30 mg/kg) did not affect self-administration of cocaine (30 μg/kg/injection) ( Figure 5a , injections: F 3, 6 = 0.56, p40.05; Figure 5b , response rates: F 3, 6 = 0.58, p40.05), extending our earlier finding (Justinova et al, 2013 ) that a lower dose of Ro 61-8048 (20 mg/kg) did not affect cocaine self-administration, even though it decreased THC self-administration. 
Effect of Ro 61-8048 on Nicotine-Induced Dopamine Release in the Rat NAcS
Basal levels of extracellular dopamine, expressed as fmoles per 10 μl, were as follows: vehicle+vehicle+nicotine group: 18.3 ± 4.1; vehicle+Ro+nicotine group: 30.0 ± 5.1; PNU+Ro +nicotine group: 20.3 ± 4.7; PNU+vehicle+nicotine group: 26.0 ± 4.6; PNU+vehicle+vehicle group: 32.8 ± 8.7; and vehicle+Ro+vehicle group: 24.0 ± 6.5. Nicotine (0.4 mg/kg, s.c.) increased extracellular dopamine levels by ∼ 2.4-fold compared with basal levels (Figure 6 ; F 9, 72 = 10.31, po0.001). Ro 61-8048 (100 mg/kg, i.p.) did not alter dopamine levels when given alone (ie, with the vehicles of PNU120596 or nicotine), but significantly reduced the ability of nicotine to elevate dopamine levels ( Figure 6 ; two-way ANOVA; treatment effect: F (3, 390) = 27.11, po0.001). PNU120596 (1 mg/kg, i.p.) did not affect extracellular dopamine levels when given alone, nor did it alter the effects of nicotine or the ability of Ro 61-8048 (100 mg/kg) to block the effects of nicotine. At a higher dose (3 mg/kg i.p.), PNU120596 significantly increased dopamine levels in this area ( Figure 6 inset; F 9, 36 = 6.10, po0.0001).
DISCUSSION
The present study shows that systemic administration of the KMO inhibitor Ro 61-8048 effectively reduces the reinforcing effects of nicotine and blocks the relapse-like effects induced by reexposure to nicotine and nicotine-associated cues after a period of abstinence in rats and squirrel monkeys. Attenuation of the reinforcing effects of nicotine in monkeys was clearly demonstrated by downward shifts of the dose-response functions. These findings extend our earlier findings that Ro 61-8048 reduces cannabinoid selfadministration and blocks the reinstatement of cannabinoid seeking (Justinova et al, 2013) . The effects of Ro 61-8048 were selective for nicotine reinforcement, as it did not decrease operant responding for cocaine or food (Justinova et al, 2013) under the same conditions in monkeys or nonreinforced (inactive-hole) responding in rats. Furthermore, the current study shows that Ro 61-8048 is effective in reducing priming and cue-induced reinstatement of cocaine seeking in monkeys. Together, these findings suggest that KMO inhibition could be an effective therapeutic approach to preventing drug seeking and relapse, and that it applies to more than one class of drugs. As pharmacological treatment of drug dependence remains a major challenge (Kenna et al, 2007) , and as polydrug use is commonly seen in addicted individuals, it could be particularly advantageous to develop medications that effectively attenuate the reinforcing effects of multiple drugs and/or block the relapse-inducing effects of cues related to drugs from multiple pharmacological classes. Ro 61-8048 substantially reduced nicotine selfadministration at all doses tested (10-30 mg/kg) in monkeys. The 20 mg/kg dose was chosen for testing in relapse models and for reversal experiments assessing the role of α7nAChRs in the effects of Ro 61-8048 because this dose consistently reduced nicotine self-administration over multiple days of testing in the present study and it significantly shifted nicotine dose-response functions downward. Ro 61-8048 also completely counteracted the behavioral effects of THC in monkeys in our previous study (Justinova et al, 2013) . In the present study, Ro 61-8048 prevented relapse-like effects that were triggered by reexposure to nicotine itself or to nicotine-associated cues, even though these relapse-like effects are believed to involve distinct brain circuits (Bossert et al, 2013) .
Notably, α7nAChRs were clearly implicated in the ability of Ro 61-8048 to decrease nicotine reinforcement and relapse in monkeys because these effects were prevented by administration of PNU120596, a selective positive allosteric modulator that binds to the same allosteric α7nAChR site where KYNA acts as a negative allosteric modulator (Lopes et al, 2007) . However, the effects of Ro 61-8048 on nicotine self-administration and reinstatement were not reversed by PNU120596 in rats, suggesting the possibility that these effects might not be mediated by α7nAChRs. Species-related differences could potentially arise from the fact that KYNA concentrations in the brain are much higher in primates (including humans) than in rodents (Moroni et al, 1988; Turski et al, 1988) . Considering that KYNA is not only a negative allosteric modulator of α7nAChRs but can also act as a competitive antagonist of the glycine co-agonist site of the NMDA receptor and affect AMPA and kainate receptors at high concentrations (Bertolino et al, 1989; Hilmas et al, 2001; Kessler et al, 1989; Prescott et al, 2006) , there could be differential involvement of these receptor mechanisms across species.
It is well known that nicotine elevates extracellular levels of dopamine in the rat NAcS, an effect that is mediated by nicotinic receptors and presumably underlies the rewarding and dependence-inducing effects of tobacco (Corrigall et al, 1994; Dani and Bertrand, 2007; Picciotto et al, 1998) . Ro 61-8048 increases extracellular levels of KYNA in the NAcS and VTA of rats (Justinova et al, 2013) and, as shown here, Ro 61-8048 reduces the ability of nicotine to stimulate dopamine release in the NAcS. However, this effect of Ro 61-8048 was not reversed by PNU120596, and hence in both the dialysis and behavioral experiments it could not be established that the blockade of nicotine effect by Ro 61-8048 in rats is mediated by α7nAChRs. This finding with nicotine contrasts with our earlier finding that the same dose of PNU120596 (1 mg/kg) completely reverses the effects of Ro 61-8048 on THC-induced accumbal dopamine release (Justinova et al, 2013) . A possible explanation for this difference is that negative allosteric modulation is harder to disrupt in the case of nicotine that directly affects α7nAChRs, as opposed to THC that does not. Unfortunately, higher doses of PNU120596 are not suitable for reversal tests in rats because they significantly increase accumbal dopamine release when given alone.
Cocaine self-administration in monkeys was not affected by a 30 mg/kg dose of Ro 61-8048, consistent with our earlier finding that it was not affected by a 20 mg/kg dose (Justinova et al, 2013) . Therefore, it is surprising that in the present study 20 mg/kg of Ro 61-8048 blocked the reinstatement of cocaine seeking in both the cocaine priming and the cue reexposure experiments. The effects of Ro 61-8048 were quite similar in the models of cocaine and nicotine relapse, suggesting that KMO inhibition has potential for protecting against relapse to use of not only nicotine, cannabis, and cocaine, but possibly to other drugs or even coabused drugs. Testing with PNU120596 indicated that α7nAChRs may be involved in the effects of Ro 61-8048 on reinstatement of cocaine seeking in monkeys. Importantly, Ro 61-8048 alone did not reinstate extinguished nicotine or cocaine seeking in monkeys, suggesting it is unlikely to induce relapse. Cocainerelated effects of KYNA have not been studied extensively, but it is known that intra-VTA administration of KYNA in a micromolar or millimolar range of doses decreases cocaineprimed reinstatement in rats by acting as a nonselective antagonist of ionotropic glutamate receptors (Sun et al, 2005; Wise et al, 2008) .
CONCLUSION
The present results suggest that KMO inhibition could be an effective new approach for the treatment of tobacco dependence. Specifically, it could be beneficial for both the induction of abstinence from tobacco and the prevention of relapse. Furthermore, it could counteract two major triggers of relapse, reexposure to nicotine (eg, through second-hand smoke) and smoking-related environmental cues. Tobacco smoking is highly prevalent among users of cannabis or cocaine (Agrawal et al, 2012; Budney et al, 1993) , and our current and previous (Justinova et al, 2013) results indicate that KMO inhibition is effective in preventing reinstatement of drug seeking triggered by nicotine, cocaine, THC, or cues associated with taking these drugs. Thus, KMO inhibition might be particularly helpful for relapse prevention in individuals who use more than one of these drugs. The effects obtained here in nonhuman primates were likely mediated by KYNA actions as a negative allosteric modulator of α7nAChRs. However, the effects of KMO inhibition in rats were not reversed by a positive allosteric modulator of α7nAChRs in this study, and as a result the underlying mechanism in rats is not clear. As KYNA can also act at other receptor systems in the brain (Bertolino et al, 1989; Kessler et al, 1989; Prescott et al, 2006; see Moroni et al, 2012, for review) , it is possible that some of the effects observed here involve additional molecular targets. Of note, KMO inhibitors are currently being developed as treatments for neurodegenerative disorders such as Huntington's, Alzheimer's, and Parkinson's diseases (Amaral et al, 2013; Smith et al, 2016) . Progress in these areas might therefore facilitate the application of KMO inhibition to the treatment of addiction. 
FUNDING AND DISCLOSURE
